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A B S T R A C T   

The S-nitrosoglutathione reductase (GSNOR) is a key denitrosating enzyme that regulates protein S-nitrosation, a 
process which has been found to be involved in the pathogenesis of Parkinson’s disease (PD). However, the 
physiological function of GSNOR in PD remains unknown. In a 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 
(MPTP)-induced PD mouse model, we found that GSNOR expression was significantly increased and accompa
nied by autophagy mediated by MPTP-induced cyclin dependent kinase 5 (CDK5), behavioral dyskinesias and 
dopaminergic neuron loss. Whereas, knockout of GSNOR, or treatment with the GSNOR inhibitor N6022, alle
viated MPTP-induced PD-like pathology and neurotoxicity. Mechanistically, deficiency of GSNOR inhibited 
MPTP-induced CDK5 kinase activity and CDK5-mediated autophagy by increasing S-nitrosation of CDK5 at 
Cys83. Our study indicated that GSNOR is a key regulator of CDK5 S-nitrosation and is actively involved in 
CDK5-mediated autophagy induced by MPTP.   

1. Introduction 

Parkinson’s disease (PD) is a complex neurodegenerative disease 
characterized by progressive depletion of dopamine (DA) in the sub
stantia nigra pars compacta (SNc) and the presence of intraneuronal 
Lewy body aggregates [1,2]. The clinical manifestations of PD include 
static tremor, muscle stiffness, bradykinesia, and disorders of balance [1, 
2]. Accumulating evidence suggests that genetic factors [3,4], mito
chondrial dysfunction [5,6] and neuroinflammation [7,8] each play an 
important role in the development of PD. However, the exact mecha
nisms of PD are insufficiently understood and this hinders the treatment 
of PD. 

The S-nitrosation of proteins, a covalent reaction of nitric oxide- 
related species with a cysteine thiol group to form S-nitrosothiol, can 
be a pivotal modulator of signal transduction pathways and a normal 
physiological response of the organism [9–11]. In recent years, the 

S-nitrosation of proteins has been reported to be associated with PD 
progression, with conflicting evidence showing a neuro-protective and a 
neuro-destructive role in animal models and PD patients [12–16]. The 
S-nitrosoglutathione reductase (GSNOR), which is encoded by the 
alcohol dehydrogenase 5 (ADH5 or GSNOR) gene and modulates deni
trosation of proteins, is widely present in prokaryotes and eukaryotes 
[17]. There are many studies showing an active involvement of GSNOR 
in a variety of diseases [18–22]. For instance, we found that GSNOR 
facilitated antiviral innate immunity by restricting S-nitrosation of 
TANK-binding kinase 1 [23], and during aging increased GSNOR 
expression impairs cognitive function and decreases S-nitrosation of 
CAMK2A (calcium/calmodulin-dependent protein kinase II alpha) [24]. 
Also, knockdown of GSNOR protected SH-SY5Y cells from 1-Methyl-4-
phenylpyridinium (MPP+, a metabolite of MPTP)-induced toxicity [25]. 

In the present study, we hypothesized that the GSNOR-mediated 
denitrosation played a pivotal role in the development of PD and 
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aimed to perform an in-depth exploration of the underpinning of GSNOR 
in the disease. By using mouse and cellular models of PD induced by 
MPTP or its derivate MPP+, we demonstrated that GSNOR is actively 
involved in PD, and uncovered the underlying mechanism that knockout 
or inhibition of GSNOR enhanced S-nitrosation of cyclin dependent ki
nase 5 (CDK5) and inhibited CDK5 kinase activity, resulting in an 
attenuation of CDK5-mediated autophagy and neurotoxicity induced by 
MPTP. Our findings suggested that GSNOR is a key regulator in the PD 
mouse model and may represent a therapeutic target for the prevention 
and treatment of this important disease. 

2. Materials and methods 

2.1. Antibodies, reagents and cells 

The antibodies and reagents used in this study are listed in Table S1. 
Rat C6 cells and PC12 cells were supplied by the Kunming Cell Bank, 
Kunming Institute of Zoology (KIZ), Chinese Academy of Sciences (CAS). 
Cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) 
medium (Gibco-BRL, 11965–092) with 10% fetal bovine serum (Gibco- 
BRL, 10099–141) and 1 × penicillin/streptomycin (Gibco, 15140122) at 
37 ◦C in 5% CO2. 

2.2. Vector construction and transfection 

Expression vector for rat GSNOR was purchased from the Miaoling 
Plasmid Sharing Platform (MLPSP). We amplified rat Cdk5 coding re
gion using a pair of gene-specific primers (Table S2), with comple
mentary DNA (cDNA) prepared from the C6 cells as the template. The 
PCR product of Cdk5 was purified with TIANquick Midi Purification Kit 
(Tiangen, DP204) and cloned into pCS2-N-Myc (pCS2-N-Myc-CDK5) 
using ClonExpress® IIOne Step Cloning Kit (Vazyme; C112) to make an 
expression vector for rat CDK5 with Myc-label (Myc-CDK5-WT). Site- 
directed mutageneses of eight cysteine residues in rat CDK5 protein 
(p.C53S, p.C83S, p.C94S, p.C117S, p.C157S, p.C190S, p.C269S and p. 
C290S) were performed using eight pairs of primers (Table S2) designed 
to substitute the respective cysteine residue with serine residue by using 
the Easy Mutagenesis System (Beijing TransGen Biotech) according to 
the manufacturer’s protocols. All constructs were confirmed by Sanger 
sequencing. 

The transient transfection of vectors was performed using Lipofect
amine™ 3000 (Invitrogen, L3000015) according to the manufacturer’s 
protocols. Briefly, cells were seeded on either 6-well plates or 10 cm cell 
culture dishes. When cells are 50%–60% confluent, growth medium was 
removed and cells were washed once with Opti-MEM medium (Gibco- 
BRL, 31985–070) for transfection. Expression vectors or empty vector 
(2.5 μg/well or 10 μg/dish) were dissolved in Opti-MEM medium (125 
μL/well or 500 μL/dish) containing P3000™ regent (5 μL/well or 20 μL/ 
dish), then were mixed with Lipofectamine™ 3000 (3.75 μL/well or 15 
μL/dish) diluted in Opti-MEM medium (125 μL/well or 500 μL/dish). 
The mixture was incubated at room temperature for 15 min, and added 
to each well or dish together with an additional Opti-MEM medium (750 
μL/well or 3000 μL/dish). The medium was removed at 6 h after 
transfection and fresh growth medium (2 mL/well or 8 mL/dish) was 
added for growth until harvest at 48 h after transfection. 

2.3. CRISPR/Cas9-mediated knockout of Gsnor in C6 and PC12 cells 

We created GSNOR knockout C6 and PC12 cells by using a CRISPR/ 
Cas9 procedure described in our previous study [26]. Briefly, small 
guide RNAs (sgRNAs) (Gsnor-sgRNA-forward: CACCGGTGTAAGGCTG
CAGTCGCC/Gsnor-sgRNA-reverse: AAACGGCGACTGCAGCCTTACACC) 
targeting Gsnor were annealed and cloned into the pX330-T7 vector 
expressing mCherry. The C6 and PC12 cells were transfected with the 
pX330-T7 vector carrying the sgRNAs using Lipofectamine™ 3000 
(Invitrogen, L3000015). We sorted the transfected cells expressing 

mCherry by flow cytometry, followed by a culture for 48 h, then single 
cells were manually picked with a mouth pipette for expansion for 3 
weeks. The genomic DNA of the expanded single cells was extracted 
using an AxyPrep Multisource Genomic DNA Miniprep Kit (Axygen, 
26817KC1). The gene region spanning the sgRNA targeting site was 
amplified using primer pair Gsnor-F: TTGCTCCACCATGTATCGA/Gs
nor-R: CCTTCTCCCACAATGCTTA, and cloned into T-Vector pMD19 
(Takara, 6013). About 10 clones were randomly picked for sequencing 
validation. The successful knockout of the endogenous GSNOR protein 
was further confirmed by Western blot. 

2.4. Western blot 

Western blot assays for the target proteins were performed using the 
common approach as described in our previous studies [27,28]. Briefly, 
cell lysates of mouse brain tissues, and rat C6 and PC12 cells were 
prepared, and protein concentration was determined by BCA protein 
assay kit (Beyotime Institute of Biotechnology, P0012). We used around 
25 μg of protein per sample for each assay. Next the protein was sepa
rated using 12% or 15% sodium dodecyl sulphate-polyacrylamide gel 
electrophoresis (SDS-PAGE) and transferred to a polyvinylidene 
difluoride membrane (BioRad, L1620177 Rev D), the membrane was 
soaked with 5% (w/v) skim milk for 2 h at room temperature, then was 
incubated with primary antibody (Table S1) overnight at 4 ◦C. The 
membrane was washed 3 times with TBST (Tris-buffered saline [Serv
icebio, G0001] with 0.1% Tween 20 [Sigma, P1379]), each time 5 min, 
followed by incubation with the secondary antibody. 
Peroxidase-conjugated anti-mouse (lot number 474–1806) or anti-rabbit 
(lot number 474–1516) IgG (1:10000; KPL) were used as the respective 
secondary antibodies. The epitope was visualized using an ECL Western 
Blot Detection Kit (Millipore, WBKLS0500). We used ImageJ (National 
Institutes of Health, Bethesda, Maryland, USA) to evaluate densitometry 
of each blot. 

2.5. The biotin switch assay 

The S-nitrosation modification of protein was detected as previously 
described [29,30]. Briefly, cells and brain tissue samples were homog
enized in HEN buffer (250 mM HEPES-NaOH [pH 7.7], 1 mM EDTA, and 
0.1 mM neocuproine) with 1% (v/v) NP-40. The free cysteine thiols 
were blocked with blocking buffer (2.5% SDS, 20 mM Methyl meth
anethiosulfonate [MMTS (Sigma-Aldrich, 208795-1G)] in HEN buffer) 
at 50 ◦C for 30 min with frequent vortexing, excess MMTS was removed 
by ice-cold acetone precipitation for 30 min, followed by centrifugation 
at 2000×g for 10 min at 4 ◦C. This precipitation was repeated three times 
to remove the residual MMTS. The protein pellet was suspended in 
HENS buffer (250 mM HEPES-NaOH [pH 7.7], 1 mM EDTA, 0.1 mM 
neocuproine, and 1% SDS) with 0.4 mM sulfhydryl-specific biotinylating 
reagent N-(6-(biotinamido) hexyl)-30-(20-pyridyldithio) propionamide 
(biotin-HPDP) and 10 mM ascorbate, and incubated for 2 h at room 
temperature. The excess biotin-HPDP was removed by ice-cold acetone 
precipitation for 30 min followed by centrifugation at 2000×g for 10 
min at 4 ◦C. The protein pellet was suspended in HENS buffer, 
streptavidin-agarose beads and three volumes of neutralization buffer 
(20 mM HEPES-NaOH [pH 7.7], 100 mM NaCl, 1 mM EDTA, 0.5% Triton 
X-100) were added and incubated overnight at 4 ◦C. Beads were then 
washed 5 times with neutralization buffer with 0.6 M NaCl and eluted by 
elution buffer (20 mM HEPES-NaOH [pH 7.7], 100 mM NaCl, 1 mM 
EDTA, 100 mM β-Mercaptoethanol). The eluted mixture was analyzed 
by SDS-PAGE. The composition of the buffer used in these assays is 
shown in Table S3. 

2.6. CDK5 activity assay 

The CDK5 kinase assay was performed as previously described [31]. 
In brief, brain tissue or cell samples were homogenized in ice-cold lysis 
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buffer (Beyotime Institute of Biotechnology, P0013) for 1 h, followed by 
centrifugation at 12000×g for 10 min at 4 ◦C. The protein concentration 
was quantified by BCA protein assay kit (Beyotime Institute of 
Biotechnology, P0012). The anti-CDK5 antibody (for endogenous CDK5 
activity assay) or anti-Myc antibody (for exogenously expressed CDK5 
activity assay in cultured cells) were incubated with protein G-agarose 
beads (Life Technologies, 15920010) to form a complex for 2 h at room 
temperature, followed by adding 300 μg protein and an incubation 
overnight at 4 ◦C. The immunoprecipitate was washed 5 times with lysis 
buffer, and suspended in a volume of 20 μL of the assay dilution buffer 
(100 mM MOPS, pH 7.2, 125 mM β-glycerophosphate, 25 mM EGTA, 5 
mM sodium orthovanadate, 5 mM dithiothreitol) containing 100 μM 
ATP, then 1 μg of recombinant Histone H1 protein (as the substrate of 
CDK5) was added for reaction at 30 ◦C for 30 min. The phosphorylated 
Histone H1 protein was separated by 15% SDS-PAGE and immuno
blotted with specific anti-phospho-histone H1 antibody. 

2.7. Confocal microscopy assay 

Cultured C6 and PC12 cells (wild type and Gsnor− /− cells) were co- 
transfected with N-terminally tagged pEGFP-C1-LC3 [28] and with 
empty vector (Vector-flag) or N-terminally tagged pEGFP-C1-LC3 and 
GSNOR (Gsnor-Flag) for 24 h, then received MPTP (500 μM, for C6 cells) 
or MPP+ (100 μM, for PC12 cells) treatment for another 24 h before 
being imaged by the confocal microscopy, followed the same procedure 
as described in our previous study [28]. Briefly, cells were fixed with 4% 
paraformaldehyde for 10 min, followed by three washes with 
phosphate-buffered saline (PBS, pH 7.4; each 3 min). Cells were then 
permeabilized with PBS with Triton X-100 0.1% (Beyotime Institute of 
Biotechnology, C0221A) for 4 min at room temperature. After another 
round of three washes with PBS, nuclei were stained with 1 μg/mL DAPI 
(Roche Diagnostics, 10236276001) for 10 min, followed by a third 
round of three washes with PBS. Cells were imaged under an Olympus 
FluoView™ 1000 confocal microscope (Olympus, America). 

2.8. Animals, drug treatment and behavioral tests 

The Gsnor− /− mice on a C57BL/6 J background were described in our 
previous studies [23,24]. Animals were kept in specific pathogen-free 
animal house at the Experimental Animal Center of KIZ, with free ac
cess to water and food at 22 ± 2 ◦C, 50% humidity, and a 12 h light/dark 
cycle. All animal experimental procedures and protocols were approved 
by the Institutional Review Board of KIZ, CAS. 

For drug treatments, MPTP was dissolved in 0.9% saline, and the 
GSNOR inhibitor N6022 was dissolved in saline with 0.5% dime
thylsulfoxide (DMSO) (v/v), and saline with 0.5% DMSO was used as a 
vehicle. We treated Gsnor− /− and wild type (WT) male mice (8–10 weeks 
old) with or without MPTP (30 mg/kg), following the protocol described 
in our previous study [28]. Briefly, animals of each genotype were 
divided into two groups and were subcutaneously injected with MPTP 
(MPTP group: WT MPTP group, n = 10; Gsnor− /− MPTP group, n = 9) or 
equivalent volume of 0.9% saline (saline group: WT saline group, n = 8; 
Gsnor− /− saline group, n = 8) daily for 14 days. The animals were 
subjected to behavioral tests including the rota rod task, traction test and 
pole test on day 15. After the behavioral tests, animals were euthanized 
with pentobarbital for tissue collection. In order to evaluate potential 
prevention effect of N6022 against the toxicity of MPTP in WT mice 
(8–10 weeks old), N6022 (5 mg/kg) or vehicle was injected intraperi
toneally 30 min before subcutaneous injection of MPTP (30 mg/kg) or 
saline. Briefly, animals were divided into four groups for the respective 
treatment daily for 14 days: (1) Vehicle + saline group (n = 8), mice 
were injected with vehicle and saline; (2) Vehicle + MPTP group (n = 8), 
mice were injected with vehicle and MPTP; (3) N6022+saline group (n 
= 8), mice were injected with N6022 and saline; and (4) N6022+MPTP 
group (n = 8), mice were injected with N6022 and MPTP. These four 
groups of animals received similar behavioral tests as above on day 15, 

then were euthanized for tissue collection. 
The pole test was conducted as previously described [32]. Briefly, a 

wooden pole (diameter 1 cm, height 50 cm) was placed vertically into 
the home cage, and the upper end of the pole was covered with a 
spherical protruding point with a diameter of 2 cm. The mouse was 
placed on the spherical protruding point with its head upward during 
the test. We recorded the respective time for the mouse to crawl from the 
spherical protruding point to the pole, from the top of the pole to the half 
of the pole, and from one-half of the pole to the bottom of the pole. We 
scored mouse performance as 3, 2, 1 or 0 if the animal finished the task 
at each stage within 3 s, 6 s, over 6 s, or fell from the pole, respectively. 

The traction test was performed as previously described [33] to 
measure muscle strength and equilibrium. In brief, we placed the fore 
paws of the mouse on a horizontal wire (diameter 5 mm, length 100 cm) 
and scored mouse performance by counting the number of its hind paws 
to grasp the wire. A score of 3, 2, 1 or 0 was given to the animal if it 
grasped the wire with both hind paws, one hind paw, no hind paws, and 
fell from the wire, respectively. 

We followed the procedure described in our previous study [28] to 
perform the rota-rod task. Five mice were positioned on the rota-rod 
containing 5 compartments, with one animal per compartment. Ani
mals were trained to maintain themselves on the rod one day before the 
formal test. The rotation speed of the rod was set at 20 rpm and mice 
were tested for a total duration time of 180 s. After the rota-rod was 
switched on for 3 s, animals were timed until they fell off the rota-rod or 
were given a maximum cutoff time of 180 s if the animals did not fall off 
the rod during the test. Each animal had 3 consecutive trials per day, 
with the highest individual score being used in the analysis. 

2.9. Histopathological staining 

Mice were anesthetized with pentobarbital and were intracardially 
perfused with saline. The brains of mice were stripped and rinsed in cold 
PBS, followed by immediate dissection into two halves. One half was 
stored at − 80 ◦C for biochemical assays. The other half of brain was 
fixed in 4% paraformaldehyde in PBS, which was then dehydrated 
successively with 15% and 30% sucrose solutions at 4 ◦C. The midbrain 
containing the SNc was sectioned at 10 μm thickness on a cryostat 
(RIWARD, Minux® FS800, Shenzheng, China). The immunohistochem
ical analysis was performed using the UltraSensitiveTMSP (Rabbit) IHC 
Kit (Fuzhou Maixin Biotech, KIT-9707) and DAB kit (Fuzhou Maixin 
Biotech, DAB-1031) according to the manufacturer’s protocols. Primary 
rabbit anti-TH antibody (Millipore, AB152, 1:500) was used to assess the 
loss of dopamine neurons in the SNc. The stereological analysis of 
dopaminergic neurons was conducted as previously described [34] with 
minor modification. Briefly, at least five brain slices from each mouse 
were selected for analysis. The number of TH-positive cells in the SNc 
was counted by researchers blind to the treatment condition, and the 
average cell count per animal was used for statistical analysis. 

2.10. Statistical analysis 

All statistical analysis was performed by using GraphPad Prism v7.0. 
Student’s t-test was used for quantifying difference between groups. 
Comparisons of relative protein levels of GSNOR, TH, CDK5, SQSTM1 
and the LC3B-II:LC3B-I ratio from animals of multiple groups and cells 
with different treatments were conducted by one-way or two-way 
analysis of variance (ANOVA) with the Tukey post-hoc test. The trac
tion test scores, pole test scores and rota rod task of WT and Gsnor− /−

mice were assessed by using two-way ANOVA. All data are presented as 
mean ± standard deviation (SD). All tests were two-tailed. A P-value of 
<0.05 was considered to be statistically significant. 
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3. Results 

3.1. MPTP induced CDK5-mediated autophagy and GSNOR upregulation 

In the mouse PD model established by chronic MPTP treatment, we 
observed PD-like motor symptoms according to the behavioral tests and 
pathological defects as described in our previous study [28] and others 
[35–37]. Briefly, MPTP-treated mice exhibited a significantly decreased 
retention time on the rota-rod, lower scores in the traction test and pole 
test as compared to control mice treated with saline (Fig. S1A). 
Furthermore, MPTP injection drastically reduced the number of tyrosine 
hydroxylase (TH)-positive cells in the SNc (Figs. S1B and C) and 
decreased the protein level of TH in the striatal tissues of mice with 
MPTP treatment (Figs. S1D and E). We also detected the protein levels of 
GSNOR, CDK5, the indicator proteins of autophagy (sequestosome 1 
(SQSTM1) and microtubule-associated protein 1 light chain 3 beta 
(LC3B)-I and LC3B-II [38] in the striatal tissues of mice with or without 
MPTP treatment. We observed an increased protein level of CDK5, 
together with an increased LC3B-II:LC3B-I ratio and a decreased level of 
SQSTM1 in mice with MPTP treatment (Figs. S1D and E). These results 
showed that MPTP induced CDK5-mediated autophagy in the striatal 

tissues of mice with MPTP treatment, as described in our previous study 
[28]. Interestingly, we found that the protein level of GSNOR was 
significantly increased in the striatal tissues of mice after MPTP treat
ment (Figs. S1D and E). Consistent with these observations in the mouse 
model, we were able to confirm the concomitant increase of 
CDK5-mediated autophagy and GSNOR expression induced by MPTP or 
MPP+ in C6 (Figs. S2A and B) and PC12 cells (Figs. S2C and D). The 
results showed that CDK5-mediated autophagy is activated along with 
increased GSNOR expression in response to MPTP or MPP+ treatment, 
and there is a potential link for GSNOR upregulation and 
CDK5-mediated autophagy in this process. 

3.2. GSNOR knockout alleviated MPTP-induced behavioral dyskinesias, 
dopaminergic neuron loss 

In order to determine the role of GSNOR in the pathogenesis of PD in 
the mouse model induced by MPTP, we conducted behavioral tests with 
wild type (WT) and Gsnor knockout (Gsnor− /− ) mice with chronic MPTP 
treatment. We observed that WT mice with MPTP treatment daily for 2 
weeks had a significantly decreased retention time on the rota-rod, and 
decreased scores in the traction test and pole test as compared to the WT 

Fig. 1. GSNOR knockout alleviates MPTP-induced behavioral dyskinesias, dopaminergic neuron loss and CDK5-mediated autophagy. 
(A) MPTP treatment in WT mice caused a significant decrease of performance as compared to WT mice without any treatment. This impairment induced by MPTP 
could be, in part, salvaged by Gsnor knockout (Gsnor− /− ). Animals were subjected to behavioral tests on Day 0 (Baseline), then received MPTP or saline daily for 2 
weeks, and received behavioral tests on Day 15 (Test). (B) Representative TH immunoreactivity of the SNc region in WT and Gsnor− /− mice (n = 5 mice per group). 
(C) Quantification of the numbers of THpositive cells in (B). A single dot in the bar represents the average count for THpositive cells at least five slices of each animal. 
(D–E) Protein levels of GSNOR, TH, CDK5, SQSTM1, LC3B-II and LC3B-I in the striatal tissues from mice (n = 6 mice per group). GADPH or Tubulin was used as 
loading control. Data are normalized to the WT mice without MPTP treatment (WT saline group) and are presented as mean ± SD. *, P < 0.05; **, P < 0.01; ***, P <
0.001; ****, P < 0.0001; two-way ANOVA with the Tukey’s post-hoc test. 
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saline group. Similarly, Gsnor− /− mice had a poorer performance after 
MPTP treatment as compared to Gsnor− /− mice with saline injection. 
However, Gsnor− /− mice had a significantly higher performance than 
WT mice on all three behavioral tests after MPTP treatment (Fig. 1A). 
These results indicated that knockout of Gsnor (partially) alleviated 
MPTP-induced behavioral dyskinesias in mice. 

We further detected the number of dopaminergic neurons in the SNc 
of mice by using TH immunoreactivity after the behavioral tests. We 
found no difference in the number of TH-positive cells in Gsnor− /− mice 

as compared to WT mice in the saline group. MPTP treatment led to a 
significant reduction of THpositive cells in SNc of WT mice, but this 
damage induced by MPTP was significantly reduced in Gsnor− /− mice 
(Fig. 1B and C). Consistently, MPTP-treated WT mice had a significantly 
decreased level of TH protein in the striatal tissue as compared to the WT 
saline group, and knockout of Gsnor significantly attenuated the 
decreased TH level in the striatal tissue induced by MPTP treatment 
(Fig. 1D and E). These observations suggested an active role of GSNOR in 
the development of PD pathogenesis, and knockout of Gsnor was able to 

Fig. 2. GSNOR regulates CDK5-mediated autophagy in C6 cells. 
(A) Protein levels of GSNOR, CDK5, SQSTM1, LC3B-II and LC3B-I in wild-type (WT) and GSNOR knockout (Gsnor− /− ) C6 cells with or without MPTP treatment. 
Tubulin was used as loading control. (B) Quantification of relative protein levels and LC3B-II:LC3B-I ratio in (A). (C-D) The CDK5-mediated autophagy induced by 
MPTP was blocked in C6 cells with GSNOR knockout, and GSNOR overexpression reversed this process. (C) Protein levels of CDK5, SQSTM1, LC3B-II and LC3B-I in 
WT and Gsnor− /− C6 cells overexpressing empty vector (Vector-flag) and GSNOR (Gsnor-Flag), with or without MPTP treatment. ACTB was used as loading control. 
(D) Quantification of relative protein levels of CDK5 and SQSTM1 and LC3B-II:LC3B-I ratio in (C). (E) Confocal microscopy assay for EGFP-LC3 puncta in WT and 
Gsnor− /− C6 cells with or without GSNOR overexpression and MPTP treatment. Cells were co-transfected with empty vector (Vector-flag) and N-terminally tagged 
pEGFP-C1-LC3 or GSNOR (Gsnor-Flag) and N-terminally tagged pEGFP-C1-LC3 for 24 h, then received MPTP (500 μM) treatment for another 24 h before the confocal 
microscopy assay. Shown results are representative of three independent experiments with similar results. Data are normalized to WT C6 cells without MPTP 
treatment (WT control) (A) and to WT C6 cells transfected with empty vector (Vector-flag) without MPTP treatment (WT + Vector-flag control) (C), respectively. 
Values are mean ± SD. ns, not significant; *, P < 0.05; **, P < 0.01; two-way ANOVA with the Tukey’s post-hoc test was used in (B). One-way ANOVA with the 
Tukey’s post-hoc test was used in (D). 
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alleviate MPTP-induced behavioral dyskinesias and dopaminergic 
neuron loss in mice. 

3.3. GSNOR knockout alleviated MPTP-induced CDK5-mediated 
autophagy 

We have previously shown that CDK5-mediated autophagy played an 
important role in the onset of PD [28]. To investigate whether GSNOR 
was involved in this process, we detected the protein levels of GSNOR, 
CDK5, SQSTM1, and LC3B-I and LC3B-II in the striatal tissues of mice 
with or without MPTP treatment. We observed increased protein levels 
of GSNOR and CDK5, together with an increased LC3B-II:LC3B-I ratio 
and a decreased level of SQSTM1 in mice with MPTP treatment. More
over, the levels of the proteins were reversed by the knockout of the 
Gsnor gene (Fig. 1D and E). Consistent with the in vivo observations, 
knockout of GSNOR inhibited CDK5-mediated autophagy in C6 cells 
upon MPTP treatment (Fig. 2A and B) and PC12 cells upon MPP+

treatment (Fig. S3). To further confirm GSNOR regulated MPTP-induced 
CDK5-mediated autophagy, we overexpressed GSNOR in C6 cells with 
GSNOR knockout. We observed an increased protein level of CDK5 and 
the LC3B-II:LC3B-I ratio, a decreased level of SQSTM1 (Fig. 2C and D), 
and an increase of EGFP-LC3 puncta (Fig. 2E) in WT C6 cells over
expressing vector-Flag or Gsnor-Flag after MPTP treatment. These 
changes were not observed in Gsnor knockout C6 cells overexpressing 
vector-Flag regardless of MPTP treatment (Fig. 2C–E). In contrast, 
overexpression of Gsnor-Flag in Gsnor knockout C6 cells rendered the 
cells more susceptible to MPTP-induced toxicity, and resembled those of 
the WT cells with MPTP treatment (Fig. 2C–E). Similarly, we were able 
to replicate the rescuing effect of GSNOR overexpression in PC12 cells 
with GSNOR knockout in response to MPP+ treatment (Fig. S4). Taken 
together, these results suggested that GSNOR was involved in 
CDK5-mediated autophagy. 

3.4. GSNOR knockout alleviated MPTP-induced CDK5 kinase activity 
and increased the S-nitrosation of CDK5 

To explore whether GSNOR regulates CDK5, we measured the CDK5 

kinase activity by using recombinant Histone H1 protein as the sub
strate, with a higher level of phosphorylation of Histone H1 corre
sponding to a higher CDK5 kinase activity [31]. We found that the 
protein level of phospho-Histone H1 was increased in the striatal tissues 
of WT mice injected with MPTP, suggesting an activation of CDK5 ac
tivity. Knockout of Gsnor could inhibit the protein level of 
phospho-Histone H1 regardless of MPTP treatment, which indicated that 
GSNOR deficiency inhibited CDK5 kinase activity in the striatal tissue of 
mice in response to MPTP treatment (Fig. 3A and B). We were able to 
replicate the observation that CDK5 kinase activity was inhibited by 
knockout of Gsnor in C6 cells (Fig. 3C and D). These results suggested 
that GSNOR negatively regulated CDK5 kinase activity. 

As GSNOR is a key metabolic enzyme for S-nitrosation modification 
homeostasis [17], we hypothesized the GSNOR’s inhibition effect on 
CDK5 kinase activity might be mediated by its S-nitrosation effect on 
CDK5. To determine whether GSNOR regulates the S-nitrosation of 
CDK5, we determined whether CDK5 can be S-nitrosated by the GSNO, 
an nitric oxide donor for inducing protein S-nitrosation within a very 
short time (5–15 min) [39,40]. Glutathione (GSH), a compound that can 
induce the denitrosation of protein [39], was used as another control. 
Cell lysates of C6 cells were incubated with GSNO (500 μM) or GSH (500 
μM) for 30 min, then were subjected to biotin switch assay in the pres
ence or absence of ascorbate. Consistent with previous studies [39], we 
found that in the presence of ascorbate, CDK5 was readily S-nitrosated 
after GSNO treatment compared to that of without GSNO treatment 
(Fig. S5A). In contrast, S-nitrosated CDK5 was not detected in the 
presence of GSH and absence of ascorbate (Fig. S5A). These results 
suggested that CDK5 can be S-nitrosated in vitro [39], and our experi
ment system was workable. Next, we performed the biotin switch assay 
to detect potential effect of GSNOR on S-nitrosation of CDK5 following 
reported method [29,30]. In WT mice, the degree of CDK5 S-nitrosation 
was significantly reduced by MPTP (Fig. 3E and F), consistent with the 
observed higher level of CDK5 kinase activity (Fig. 3A and B). In 
Gsnor− /− mice with or without MPTP treatment, we observed a high 
level of CDK5 S-nitrosation in striatal tissue (Fig. 3E and F), consistent 
with the above-mentioned blockage effect on CDK5-mediated effect by 
knockout of Gsnor in mice. The observation seen in mouse striatal tissue 

Fig. 3. GSNOR knockout alleviates MPTP-induced CDK5 kinase activity and increases S-nitrosation of CDK5. (A) CDK5 protein levels in the striatal tissues of WT and 
Gsnor− /− with or without MPTP treatment and its capability for phosphorylation of substrate Histone H1 (n = 3 mice per group). (B) Quantification of CDK5 kinase 
activity as measured by phospho-histone H1:total Histone H1 ratio in (A). (C) CDK5 protein levels in WT and GSNOR knockout (Gsnor− /− ) C6 cells with or without 
MPTP treatment and its capability for phosphorylation of substrate Histone H1. (D) Quantification of CDK5 kinase activity as measured by phospho-histone H1:total 
Histone H1 ratio in (C). (E) Levels of S-nitrosated CDK5 and total CDK5 in the striatal tissues of WT and Gsnor− /− with or without MPTP treatment (n = 3 mice per 
group). (F) Quantification of CDK5 S-nitrosation level in (E). (G) Levels of S-nitrosated CDK5 and total CDK5 in WT and GSNOR knockout (Gsnor− /− ) C6 cells with or 
without MPTP treatment. (H) Quantification of CDK5 S-nitrosation level in (G). Shown data for C6 cells in (C) and (G) are representative of three independent 
experiments with similar results. Data are normalized to the WT mice (A) and C6 cells (C) without MPTP treatment (WT control) and values are mean ± SD. *, P <
0.05; **, P < 0.01; ***, P < 0.001; two-way ANOVA with the Tukey’s post-hoc test. 
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was replicated by using the C6 cells, in which the degree of CDK5 
S-nitrosation was significantly increased in Gsnor knockout C6 cells 
(Fig. 3G and H). These results suggested that GSNOR regulated the de
gree of CDK5 S-nitrosation in mice and cells. 

3.5. S-nitrosation of CDK5 at Cys83 inhibited CDK5 kinase activity and 
CDK5-mediated autophagy 

To determine the site(s) of S-nitrosation on CDK5, we focused on the 
cysteine (Cys) residues of CDK5, which constitute potential sites for S- 
nitrosation. The CDK5 protein has eight cysteine residues and we 
created mutants with the respective cysteine residue being mutated to 
serine (Ser) (Fig. 4A). C6 cells were transfected with expression vectors 
of wild-type CDK5 with Myc-tag (Myc-CDK5-WT), CDK5 mutants (p. 
C53S, p.C83S, p.C94S, p.C117S, p.C157S, p.C190S, p.C269S and p. 
C290S), and empty vector (vector-Myc), respectively. Cell lysates were 
then incubated with GSNO for 30 min before the biotin switch assay. 
GSNO treatment significantly increased the S-nitrosation of Myc-CDK5- 
WT and five cysteine mutants of CDK5 (p.C53S, p.C94S, p.C157S, p. 

C269S and p.C290S). Mutations at Cys83, Cys117 and Cys190, partially 
abolished the S-nitrosation of CDK5, suggested that these three cysteine 
residues were major sites of S-nitrosation of CDK5 (Fig. 4B and C). 

Next, we explored whether the S-nitrosation of CDK5 affected its 
kinase activity. C6 cells were transfected with expression vector for Myc- 
CDK5-WT or each cysteine mutant (p.C83S, p.C117S and p.C190S) that 
affected the S-nitrosation of CDK5. We found that mutant CDK5 p.C83S 
increased the level of phospho-Histone H1, suggesting an increased ki
nase activity of this mutant (Fig. 4D and E). This result was consistent 
with a previous observation that used recombinant proteins of CDK5 and 
mutant CDK5 p.C83S to show an increased kinase activity of the mutant 
[39]. However, mutants p.C117S and p.C190S did not affect kinase 
activity of CDK5, as cells overexpressing these mutants presented a 
similar level of phospho-Histone H1 with those overexpressing 
Myc-CDK5-WT (Fig. 4D and E). These results showed that the 83rd Cys 
of CDK5 is the major site regulating CDK5 kinase activity through 
S-nitrosation, which was also reported in previous studies [39,41]. So as 
to find if S-nitrosation of CDK5 affected autophagy by regulating CDK5 
kinase activity, we transfected C6 cells with Myc-CDK5-WT and CDK5 

Fig. 4. S-nitrosation of CDK5 at Cys83 inhibits CDK5 kinase activity and autophagy. (A) Schematic diagram showing all eight potential S-nitrosation sites of CDK5. 
(B) Levels of S-nitrosated exogenous CDK5 and total exogenous CDK5 in C6 cells after GSNO treatment. Cells were transfected with expression vectors of wild type 
CDK5 (WT), cysteine mutants of CDK5 (p.C53S, p.C83S, p.C94S, p.C117S, p.C157S, p.C190S, p.C269S and p.C290S) and empty vector (Vector) for 48 h. Cell lysates 
were incubated with GSNO (500 μM) for 30 min before the biotin switch assay. (C) Quantification of exogenous CDK5 S-nitrosation level in C6 cells based on three 
independent experiments with similar results. Data are normalized to the cells with transfection of wild type CDK5 (WT), and bars refer to mean ± SD. (D) The 
phosphorylation capability of wild type (WT) CDK5 and its cysteine mutants (p.C83S, p.C117S and p.C190S) for substrate Histone H1. C6 cells were transfected with 
expression vector of wild type CDK5 (WT) or CDK5 cysteine mutants (p.C83S, p.C117S or p.C190S) for 24 h, then received a pretreatment with GSNO (500 μM) for 
another 24 h. (E) Quantification of CDK5 kinase activity as measured by phospho-histone H1:total Histone H1 ratio in (D). (F) Different effects of overexpression of 
wild type CDK5 (WT) and its cysteine mutants (p.C83S and p.C117S) on CDK5-mediated autophagy in C6 cells. C6 cells were transfected with expression vector of 
wild type CDK5 (WT) or CDK5 cysteine mutants (p.C83S, p.C117S) for 24 h, then received a pretreatment with GSNO (500 μM) for 30 min before the treatment with 
or without MPTP (500 μM). Tubulin was used as loading control. (G) Quantification of protein level of SQSTM1 and LC3B-II:LC3B-I ratio in (F). Shown results are 
representative of three independent experiments with similar results. Data are normalized to WT C6 cells transfected with expression vector of wild type CDK5 (WT) 
without GSNO and MPTP treatment. Values are present as mean ± SD. ns, not significant; *, P < 0.05; **, P < 0.01; one-way ANOVA with the Tukey’s post-hoc test. 
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mutants (p.C83S, p.C117S and p.C190S), respectively. We found that 
MPTP treatment increased the LC3B-II:LC3B-I ratio and decreased 
SQSTM1 level in cells overexpressing Myc-CDK5-WT, mutants p.C117S 
(Fig. 4F and G) and p.C190S (Fig. S6), and this effect could be reversed 
by a pretreatment with GSNO (Fig. 4F and G). These results demon
strated that the two sites of CDK5 (Cys117 and Cys190) did not affect 
MPTP-induced autophagy, consistent with the above observation that 
these two mutants had no effect on CDK5 kinase activity (Fig. 4D and E). 
Concordantly, mutant CDK5 p.C83S increased the LC3B-II:LC3B-I ratio 
and decreased SQSTM1 level in transfected cells with or without MPTP 
treatment compare to those transfected with Myc-CDK5-WT or mutants 
p.C117S (Fig. 4F and G) and p.C190S (Fig. S6). These results demon
strated that S-nitrosation of CDK5 at Cys83 inhibited MPTP-induced 
autophagy by inhibiting CDK5 kinase activity. 

3.6. Inhibition of GSNOR by N6022 alleviated MPTP-induced 
neurotoxicity 

N6022, which is a safe, specific and reversible inhibitor of GSNOR 
[42,43], has been used in the studies of GSNOR-related diseases with 
few side effects [42,44,45]. Meanwhile, peripheral injection of N6022 
could reduce infarct volume in both striatal and cortical regions of ce
rebral ischemia and reperfusion mice [46], suggesting that this inhibitor 
can cross the blood-brain barrier. We therefore determined whether 
N6022 would have a beneficial effect on MPTP-induced neurotoxicity. 
The mice given N6022 as a pretreatment before MPTP injection 

(N6022+MPTP group) showed a reduced degree of behavioral dyski
nesias as compared to the mice without N6022 pretreatment but just 
MPTP treatment (Vehicle + MPTP group) (Fig. 5A). Pretreatment with 
N6022 also rescued MPTP-induced pathological changes, including 
decreased level of TH protein, and inhibited CDK5-mediated autophagy 
as compare to the Vehicle + MPTP group (Fig. 5B and C). Similarly, 
compared to mice with MPTP treatment alone, N6022 pretreatment 
inhibited the CDK5 kinase activity (Fig. 5D and E) and increased the 
S-nitrosation of CDK5 in the striatal tissues from the mice with or 
without MPTP treatment (Fig. 5F and G). These results indicated that 
inhibition of GSNOR may be an effective way to prevent PD at the early 
stage, and further confirmed that GSNOR is a critical regulator in the 
pathogenesis of mouse PD model. 

4. Discussion 

PD is a neurodegenerative disease characterized by the accumulation 
of Lewy body aggregates and dopaminergic neuron death in the SNc 
region. The development of PD is affected by protein misfolding, ag
gregation, and abnormal expression [47], which are regulated, in part, 
by protein modifications [9]. Autophagy is a very important process for 
the clearance of misfolded proteins [38] such as α-synuclein oligomer 
[48,49]. As a cellular denitrosase, GSNOR reduces cellular levels of 
S-nitrosation of protein and GSNO [17]. In the present study, we 
determined the role of GSNOR, S-nitrosation of CDK5 and 
CDK5-mediated autophagy in the development of PD using both a 

Fig. 5. Inhibition of GSNOR alleviates MPTP-induced neurotoxicity. 
(A) Pretreatment with N6022 before MPTP treatment in WT mice has a beneficial effect on MPTP-induced behavioral dyskinesias. Animals were subjected to the 
behavioral tests on Day 0 (Baseline), then received N6022 or vehicle 30 min before MPTP or saline daily for 2 weeks, and had the behavioral tests on Day 15 (Test). 
(B-C) Protein levels of GSNOR, TH, CDK5, SQSTM1, LC3B-II and LC3B-I in striatal tissues from mice in (A) (n = 6 mice per group). Tubulin was used as loading 
control. (D) CDK5 protein levels in the striatal tissues of mice in (A) and its capability for phosphorylation of substrate Histone H1. (E) Quantification of CDK5 kinase 
activity (n = 3 mice per group) as measured by phospho-histone H1:total Histone H1 ratio in (D). (F) Levels of S-nitrosated CDK5 and total CDK5 in the striatal tissues 
of mice with or without treatment of N6022 and/or MPTP. Each group has 3 mice. (G) Quantification of CDK5 S-nitrosation level (n = 3 mice per group) in (F). Data 
are normalized to the WT mice without N6022 and MPTP treatment (Vechicle + saline). Values are presented as mean ± SD. *, P < 0.05; **, P < 0.01; ***, P < 0.001; 
****, P < 0.0001; two-way ANOVA with the Tukey’s post-hoc test. 
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MPTP-induced mouse model and cellular models. We found that the 
protein level of GSNOR and CDK5-mediated autophagy were increased 
in the MPTP-induce mouse PD model. Genetic deletion of GSNOR 
attenuated CDK5-mediated autophagy, reduced MPTP-induced behav
ioral dyskinesias and prevented dopaminergic neuron loss. The benefi
cial effects of GSNOR deficiency were associated with the preservation 
of S-nitrosation of CDK5, which inhibited its kinase activity and further 
inhibited MPTP-induced autophagy (Fig. 6). The beneficial effects 
offered by GSNOR deficiency could be duplicated by using a GSNOR 
inhibitor N6022 before MPTP treatment. All these results suggested that 
GSNOR plays a key role in MPTP-mediated neurotoxicity via S-nitro
sation of CDK5 and inhibition of CDK5-mediated autophagy. 

The S-nitrosation of proteins plays a pivotal role in the molecular 
switches triggering signaling cascades [50]. A reasonable level of 
S-nitrosation is very important for maintaining normal physiological 
activities [51]. GSNO serves as the main reservoir of nitric oxide that 
governs S-nitrosation of proteins in organisms. Abnormal metabolism of 
GSNO mediated by GSNOR may destroy homeostasis of S-nitrosation of 
proteins and lead to serious consequences for cellular function and 
survival [17]. Previous studies reported an aberrant increase of GSNOR 
protein and enzymatic activity in a variety of diseases including asthma 
[52], cognitive impairment [24], stroke [46], myocardial infarction 
[53], and cerebral malaria [54]. Knockdown of GSNOR was found to 
improve MPP+-induced toxicity in cellular models [25]. However, there 
were some studies showing that GSNOR knockout promoted the 
S-nitrosation of parkin and led to mitophagy defects [55,56], which 
caused a detrimental effect, instead of beneficial effect on the disease 
progression. These studies showed that GSNOR may play different roles 

in different pathological conditions, dependent on the preconditions and 
the stages of diseases. In the present study, we found that both genetic 
deletion of Gsnor and pharmacological inhibition of GSNOR by using 
N6022, contributed to the maintenance of S-nitrosation of CDK5 in mice 
after MPTP treatment and inhibited MPTP-induced autophagy and 
neurotoxicity. This result provided direct evidence that 
GSNOR-mediated denitrosation of proteins has an active involvement in 
the development of PD. We previously found that melatonin could 
reduce the MPTP-induced CDK5 protein expression [28], similar to the 
effect of GSNOR knockout in cells with MPTP treatment as observed 
here. Concordantly, melatonin pretreatment could reverse the 
MPTP-induced reduction of CDK5 S-nitrosation (Fig. S5B). This result 
further enhanced the conclusion for a key role of the GSNOR-medicated 
denitrosation in MPTP neurotoxicity. 

Autophagy is an essential degradation process to maintain cellular 
homeostasis and promote cell survival [57]. Emerging evidence has 
suggested that autophagy dysfunction is involved in the pathogenesis of 
PD [58,59], and autophagy plays an important role in the degradation of 
misfolded proteins in PD such as α-synuclein oligomer [49]. However, in 
certain conditions, autophagy might act as a double-edged sword in the 
development of PD [57,60]. S-nitrosation of proteins, such as PTEN 
[61], Bcl-2 [62] and JNK1 and IKKβ [63], was involved in autophagy. In 
our previous studies [28,64], we found that the S-nitrosation of ATG4B 
directly regulated autophagy in response to high glucose [64], and 
CDK5-mediated autophagy played a key role in the PD-like symptom 
induced by MPTP [28]. The present study uncovered the potential 
mechanism for regulatory effects of GSNOR on CDK5-mediated auto
phagy by targeting the S-nitrosation of CDK5. As a cell-cycle dependent 

Fig. 6. The role of GSNOR in MPTP-induced Parkin
sonism. The protein level of GSNOR was upregulated 
in MPTP-induced PD mouse model. Knockout of the 
Gsnor gene or inhibition of GSNOR by using specific 
inhibitor N6022 had an alleviating effect on MPTP- 
induced neurotoxicity by increasing S-nitrosation 
(SNO) of CDK5, which led to a reduced CDK5 kinase 
activity and CDK5-mediated autophagy. The colored 
up and down arrows refer to upregulation and 
downregulation of certain target, respectively.   
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kinase, CDK5 is closely involved in the pathogenesis of PD and other 
neurodegenerative diseases by regulating the phosphorylation of its 
substrates [60,65–68], and its kinase activity was activated in 
MPTP-induced PD models [69]. Protein post-translational modifications 
have been reported to regulate CDK5 kinase activity. For example, 
phosphorylation of CDK5 at Tyrosine15 [70] and at Serine159 [71] is 
essential for catalytic activity of CDK5, and S-nitrosation of CDK5 at 
Cys83 site is closely involved in its kinase activity [39,41]. As had been 
pointed out in a previous report [39], Cys83 residue is located in the 
ATP-binding pocket of CDK5, S-nitrosation of the 83rd Cys may perturbs 
the access of the kinase to ATP, and leads to suppression of its activation. 
In our study, we confirmed that S-nitrosation of CDK5 at the Cys83 site, 
but not at the other cysteines of CDK5, inhibited its kinase activity [39] 
and attenuated MPTP-induced autophagy. These findings revealed a 
previously unknown mechanism that GSNOR affects the kinase activity 
of CDK5 by regulating the S-nitrosation of CDK5, finally affects 
MPTP-induced autophagy and neurotoxicity mediated by CDK5. 

There are three limitations in this study. First, we found that GSNOR 
regulated the MPTP-induced neurotoxicity and CDK5-mediated auto
phagy by S-nitrosation of CDK5 at Cys83; and it is appropriate to create a 
CDK5C83S knock-in mouse model to further validate this observation. 
Second, GSNOR knockout might have a widespread effect on S-nitro
sation of proteins. According to a previous study [55], GSNOR defi
ciency can induce S-nitrosation of numerous protein targets, it is 
plausible that S-nitrosation of other targets, besides CDK5 as shown 
here, would provide a protective role by unknown pathways. Moreover, 
we did not analyze how CDK5 was S-nitrosated and how the balance 
between S-nitrosation and denitrosation of CDK5 was maintained in vivo 
in the physiological and pathological conditions. Future fine-grained 
proteomics assays based mass spectrometry may be helpful in 
answering this question. Third, although we showed that a pretreatment 
with N6022 had a protective effect on MPTP-induced neurotoxicity, we 
did not test whether N6022 treatment had a clinical effectiveness in 
curing PD, which would be rewarding to be tested. 

5. Conclusions 

In summary, we discovered a link between GSNOR, S-nitrosation of 
CDK5, and CDK5-mediated autophagy in PD. Knockout or chemical in
hibition of GSNOR regulates CDK5-mediated autophagy by affecting the 
S-nitrosation of CDK5 and its kinase activity. Our work also indicated 
that inhibition of GSNOR, maintenance of S-nitrosation in CDK5, or 
inhibition of CDK5-mediated autophagy, may represent potential ways 
to alleviate PD. 
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Table S1. Antibodies and chemicals used in this study 

Antibody Source Catalog no. Western blot IHC 

Primary antibody     

Rabbit polyclonal anti-GSNOR Abcam ab175406 1:1000 - 

Mouse monoclonal anti-CDK5 Santa Cruz Biotechnology sc-6247 1:1000 - 

Rabbit monoclonal anti-SQSTM1/P62 Cell Signaling Technology 8025T 1:1000 - 

Rabbit polyclonal anti-MAP1LC3/LC3 Proteintech 4600-1-AP 1:1000 - 

Rabbit polyclonal anti-TH Merck Millipore AB152 - 1:500 

Rabbit monoclonal anti-Histone H1 Abcam ab134914 1:1000 - 

Mouse monoclonal anti-phospho-histone H1 Millipore 05-1324 1:1000 - 

Mouse monoclonal anti-Flag Abmart TT0003 1:1000 - 

Mouse monoclonal anti-Myc Invitrogen R950-25 1:1000 - 

Mouse monoclonal anti-tubulin EnoGene E1C601 1:10000 - 

Mouse monoclonal anti-GAPDH Proteintech 60004-1-Ig 1:10000 - 

Mouse monoclonal anti-ACTB 
Beijing Zhong Shan-Golden Bridge Biological 

Technology CO., LTD 
TA-09 1:10000 - 

Secondary antibody     

Peroxidase-conjugated anti-rabbit antibody KPL 474-1516 1:10000 - 

Peroxidase-conjugated anti-mouse antibody KPL 474-1806 1:10000 - 

Chemicals     

MPTP Sigma-Aldrich M0896 - - 

MPP+ Sigma-Aldrich D048-100 - - 

S-nitrosoglutathione (GSNO) Santa Cruz sc-200349A - - 

Glutathione (GSH) Selleckchem S4606 - - 

N6022 TargetMol T6901 - - 

Methyl methanethiosulfonate (MMTS) Sigma-Aldrich 208795-1G - - 

Biotin-HPDP  Glpbio GC11037-100 - - 

Recombinant Human Histone H1 protein Abcam ab198676 - - 

4', 6-diamidino-2-phenylindole (DAPI) Roche 10236276001 - - 

Assay Dilution Buffer 5X Millipore 20-145 - - 

Dimethylsulfoxide (DMSO) Beyotime ST038 - - 

IHC - Immunohistochemistry     



Table S2. Primers used in this study 

Gene Name Primer sequence (5' - 3') Application 

Cdk5 MYC-CDK5 Rat-F ccggaagatctgagctcgagATGCAGAAATACGAGAAACTGG PCR for constructing pCS2-N-Myc-CDK5 using 

pCS-myc-N vector  MYC-CDK5 Rat-R tatagttctagaggctcgagCTACGGGGGACAGAAGTCAGAG 
 CDK5-C53S-Rat-F CGGGAGATCTCTCTACTCAAA PCR for constructing pCS2-N-Myc-CDK5-C53S 

using pCS-myc-N-CDK5 vector  CDK5-C53S-Rat-R TTTGAGTAGAGAGATCTCCCG 
 CDK5-C83S-Rat-F TTTGAGTTCTCTGATCAGGAC PCR for constructing pCS2-N-Myc-CDK5-C83S 

using pCS-myc-N-CDK5 vector  CDK5-C83S-Rat-R GTCCTGATCAGAGAACTCAAA 
 CDK5-C94S-Rat-F TTTGACAGCTCCAATGGTGAC PCR for constructing pCS2-N-Myc-CDK5-C94S 

using pCS-myc-N-CDK5 vector  CDK5-C94S-Rat-R GTCACCATTGGAGCTGTCAAA 
 CDK5-C117S-Rat-F CTGGGATTCTCTCACAGCCGT PCR for constructing pCS2-N-Myc-CDK5-C117S 

using pCS-myc-N-CDK5 vector  CDK5-C117S-Rat-R ACGGCTGTGAGAGAATCCCAG 
 CDK5-C157S-Rat-F CCAGTCCGCTCCTACTCTGCT PCR for constructing pCS2-N-Myc-CDK5-C157S 

using pCS-myc-N-CDK5 vector  CDK5-C157S-Rat-R AGCAGAGTAGGAGCGGACTGG 
 CDK5-C190S-Rat-F TCAGCCGGCTCCATCTTTGCA PCR for constructing pCS2-N-Myc-CDK5-C190S 

using pCS-myc-N-CDK5 vector  CDK5-C190S-Rat-R TGCAAAGATGGAGCCGGCTGA 
 CDK5-C269S-Rat-F CTGTTGAAGTCTAACCCAGTG PCR for constructing pCS2-N-Myc-CDK5-C269S 

using pCS-myc-N-CDK5 vector  CDK5-C269S-Rat-R CACTGGGTTAGACTTCAACAG 
 CDK5-C290S-Rat-F TCTGACTTCTCTCCCCCGTAG PCR for constructing pCS2-N-Myc-CDK5-C290S 

using pCS-myc-N-CDK5 vector  CDK5-C290S-Rat-R CTACGGGGGAGAGAAGTCAGAG 

Gsnor Gsnor-sgRNA-F CACCGGTGTAAGGCTGCAGTCGCC For constructing CRISPR/Cas9 vector for GSNOR 

knockout using pX330-T7 vector  Gsnor-sgRNA-R AAACGGCGACTGCAGCCTTACACC 
 Gsnor-F TTGCTCCACCATGTATCGA PCR and sequencing for the Gsnor gene region 

spanning the sgRNA targeting site  Gsnor-R CCTTCTCCCACAATGCTTA 

Note: the nucleotides in the lowercase stand for homologous sequence, and the underlined nucleotides were responsible for introducing point mutation. 

  



Table S3. Buffer used in the biotin switch assays 

Buffer name Composition of buffer 

HEN buffer 250 mM HEPES-NaOH [pH 7.7], 1 mM EDTA and 0.1 mM neocuproine 

Blocking buffer 
250 mM HEPES-NaOH [pH 7.7], 1 mM EDTA, 0.1 mM neocuproine, 2.5% SDS, and 20 mM 

MMTS 

HENS buffer 250 mM HEPES-NaOH [pH 7.7], 1 mM EDTA, 0.1 mM neocuproine, and 1% SDS 

Neutralization buffer 20 mM HEPES-NaOH [pH 7.7], 100 mM NaCl, 1 mM EDTA, and 0.5% Triton X-100 

Elution buffer 20 mM HEPES-NaOH [pH 7.7], 100 mM NaCl, 1 mM EDTA, and 100 mM β-Mercaptoethanol 

Note: the compositions of these buffers were taken from [1]. 



 

 

Fig. S1. MPTP induced CDK5-mediated autophagy and GSNOR upregulation in MPTP-induced 

PD mouse model. 

(A) MPTP-treated mice (MPTP group) had a significant decrease of performance as compared to 

untreated mice (Saline group). Wild type (WT) mice were divided into Saline group and MPTP 

group, then were subjected to the behavioral tests on Day 0 (Baseline). Animals were injected 

with MPTP or saline daily for 2 weeks, and received the behavioral tests on Day 15 (Test).  

(B) Representative TH immunoreactivity of the SNc region in mice (n = 4 mice per group). 

(C) Quantification of the numbers of TH-positive cells in (B). A single dot in the bar represents 

the average count for TH positive cells in at least five slices of each animal. 

(D-E) Protein levels of GSNOR, TH, CDK5, SQSTM1, LC3B-II and LC3B-I in striatal tissues 

from mice (n = 6 mice per group) in (A). Tubulin was used as loading control. 

Data are normalized to the mice without MPTP treatment (Saline group) and are presented as 

mean ± SD. **, P < 0.01; ***, P < 0.001; ****, P < 0.0001; two-tailed unpaired Student’s t test. 
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Fig. S2. Upregulation of GSNOR and CDK5-mediated autophagy in C6 with or without MPTP 

treatment and PC12 cells with or without MPP+ treatment. 

(A) Protein levels of GSNOR, CDK5, SQSTM1, LC3B-II and LC3B-I in wild-type C6 cells with 

or without MPTP treatment.  

(B) Quantification of relative protein levels and LC3B-II:LC3B-I ratio in (A).  

(C) Protein levels of GSNOR, CDK5, SQSTM1, LC3B-II and LC3B-I in wild-type PC12 cells 

with or without MPP+ treatment.  

(D) Quantification of relative protein levels and LC3B-II:LC3B-I ratio in (C).  

Tubulin was used as loading control in (A) and (C). Shown results are representative of three 

independent experiments with similar results. Data are normalized to cells without treatment 

(Control) and values are mean ± SD. *, P < 0.05; **, P < 0.01; ***, P < 0.001; two-tailed 

unpaired Student’s t test. 
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Fig. S3. GSNOR deficiency impaired MPTP-induced CDK5-mediated autophagy in PC12 cells. 

(A) Protein levels of GSNOR, CDK5, SQSTM1, LC3B-II and LC3B-I in wild-type (WT) and 

GSNOR knockout (Gsnor-/-) PC12 cells with or without MPP+ treatment. Tubulin was used as 

loading control. 

(B) Quantification of relative protein levels and LC3B-II:LC3B-I ratio in (A). Shown results are 

representative of three independent experiments with similar results. Data are normalized to WT 

PC12 cells without MPP+ treatment (WT control) and values are mean ± SD. *, P < 0.05; 

two-way ANOVA with the Tukey’s post-hoc test. 
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Fig. S4. GSNOR deficiency alleviates MPP+-induced CDK5-mediated autophagy in PC12 cells.  

(A-B) Immunofluorescence assays for EGFP-LC3 puncta in wild type PC12 cells (A) and 

Gsnor-/- PC12 cells (B) overexpressing empty vector and GSNOR, with or without MPP+ 

treatment. Wild type and Gsnor-/- PC12 cells were co-transfected with empty vector (Vector-flag) 

and N-terminally tagged pEGFP-C1-LC3 or GSNOR (Gsnor-Flag) and N-terminally tagged 

pEGFP-C1-LC3 for 24 h, then received MPP+ (100 μM) treatment for another 24 h before the 

immunofluorescence assay. 
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Fig. S5. S-nitrosation of CDK5 in C6 cells. (A) Cell lysates of C6 cells were incubated with 

GSNO (500 μM) or GSH (500 μM) at room temperature for 30 min, then were subjected to 

biotin switch assay in the presence or absence of ascorbate (10 mM). The biotinylated proteins 

were immunoprecipitated (IP) with streptavidin-agarose beads, followed by Western blot 

analysis for CDK5.  

(B) MPTP treatment decreased the S-nitrosation of CDK5 in C6 cells and this effect could be 

rescued by a pretreatment with melatonin. C6 cells were pretreated with melatonin (100 μM) for 

30 min, followed by a treatment with MPTP (500 μM) for 24 h. Cell lysates of C6 cells were 

harvested for the biotin switch assays and the biotinylated proteins were detected as in (A). 

Tubulin was used as loading control. 
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Fig. S6. S-nitrosation of CDK5 at Cys190 did not affect MPTP-induced autophagy. 

(A) Effect of overexpression of CDK5 cysteine mutant p.C190S on CDK5-mediated autophagy 

in C6 cells. Cells were transfected with expression vector of wild type CDK5 (WT) or CDK5 

cysteine mutant p.C190S (p.C190S) for 24 h, then received a pretreatment with or without 

GSNO (500 μM) for 30 min before the treatment with or without MPTP (500 μM). Tubulin was 

used as loading control. 

(B) Quantification of protein level of SQSTM1 and LC3B-II:LC3B-I ratio in (A). Shown data 

are representative of three independent experiments with similar results. Data are normalized to 

WT C6 cells transfected with expression vector of wild type CDK5 (WT) without GSNO and 

MPTP treatment. Values are present as mean ± SD. ns, not significant; *, P < 0.05; **, P < 0.01; 

one-way ANOVA with the Tukey’s post-hoc test. 
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The entire images of Western blot for Figure 1D. 
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The entire images of Western blot for Figures 2A and 2C. 
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The entire images of Western blot for Figures 3A, 3C, 3E, and 3G. 
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The entire images of Western blot for Figures 4B, 4D, and 4F. 
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The entire images of Western blot for Figures 5B, 5D, and 5F. 
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The entire images of Western blot for Figure S1D 
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The entire images of Western blot for Figures S2A and S2C 
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The entire images of Western blot for Figure S3A 
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The entire images of Western blot for Figures S5A, S5B and S6 
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